ABSTRACT X-ray c haracterization measurements of capillary (X-ray Optical Systems Inc) were carried out at the Institute of Space and Astronautical Science (Japan) X-ray beam facility. Since capillary system has a capability o f collecting x-rays eectively by the small angle reections in the narrow tubes, it is expected to apply it for the observation of astronomical x-ray objects.
INTRODUCTION
Capillary X-ray optics are composed of bundles of tiny glass tubes. One bundle of capillary tubes is called a polycapillary ber. Typical diameter of glass tube and ber are 20 m and 500 m, respectively. Thousands of such bers can be strung through metal grids to form a multi-ber lens. Schematic view is presented in gure 1 (right panel).
X-rays can be guided by total external reection on the inner surfaces of the hollow tubes, hence along the curvature of capillary tubes, parallel X-ray beam in a tube is bent t o ward a focal point. In X-ray astronomy, this property is useful to minimize the detector size at focal plane which improves the signal to noise ratio, since detector background is proportional to the detector (pixel) size.
To verify the utility of capillary optics in X-rays, we measured the X-ray characteristics at dierent energies and incident angles. Figure 1 shows the capillary (X-ray Optical Systems Inc) we measured. The size of the 
X-ray Generator
The X-ray generator (RIGAKU RU-200) has a water-cooled rotary-type X-ray target. Seed electrons are emitted from a thermally heated W lament. 
Metal Filters
Because of its large cross section and high uorescence yield, we u s u a l l y u s e t h e K transition of the target metal as the source of the monochromatic X-ray. To reduce the number of continuum X-rays caused by t h e bremsstrahlung emission, we lter the X-ray beam with a thin metal lm.
Since the energy of the K line is always slightly lower than the absorption threshold energy, i t i s a v ailable to use the lter with the same metal as the target. So we used a Ti lter with a thickness of 50 [m] for Ti target. In use of Cu target, however, we use Ni (40 [m]) lter because the K-edge of Ni falls between the K and K lines of Cu and hence more monochromatic beam is expected than those with a Cu lter. The fraction of line photons in the spectrum is 91 %, 86 % for Ti and Cu, respectively.
Focal-Plane Detectors
We u s e d t w o kinds of focal-plane detectors, the charge-coupled device (CCD) and the semiconductor (CdZnTe) detector (hereafter CZT) in our measurements.
We adopt a backside-illuminated CCD developed by SITe as the detector. It has a 1024 2 1024 array o f pixels, and the size of each pixel is 24 [m]. In our measurement w e use the CCD in the ux mode not in the photon-counting mode that is usually used in in-orbit observations of X-ray astronomy satellites. In the ux mode, we just count the number of electrons stored in each pixel during an exposure, and the CCD can cope with considerably higher X-ray ux than in the photon-counting mode. Since information on the incident X -r a y energy is completely lost in the ux mode, a highly monochromatic incident beam is required.
XR-100T-CZT developed by Amptek is used to measure energy response of the capillary. CZT has medium energy resolution ( 5 % @Cu-K ; 8.04 keV), but has no imaging capability. The detector size is 5 2 5 [ m m 2 ]
and detector thickness is 2 [mm], which achieves the 65 % detection eciency at Cu-K . 3. RESULTS
Movable Stage

Determination of Optical Axis and Focal Length
The optical axis is the maximum transmission axis of the capillary. B y m o ving Detector-Y, Detector-Z, Theta-Y and Theta-Z stages, we could nd the best alignment of the optical axis when the number of photon transmitted from capillary is maximum.
In this measurement, we used CCD as a detector and we found that the location of focused image on CCD was slightly dierent when the position of incident X-ray beam against capillary window is dierent. This means that the focal length is somewhat dierent from true value. To obtain the true focal length, we measured the size of focused image when the distance from capillary to detector was varying. 
transmission Coecient
We measure the transmission coecient of capillary when Cu-K or Ti-K X-rays were injected along the optical axis of capillary. The eciency is dened as ratio of the number of photons transmitted from capillary to that of direct X-ray beam. We adopted 1 2 1 [mm 2 ] beam to illuminate the center of the capillary window, on the other hand 10 2 10 [mm 2 ] b e a m t o c o ver the total capillary window. Table 1 shows the measurement results for each target and dierent X-ray beam size. It is seen that the transmission coecient is decreasing as X-ray beam size becomes bigger. So we measure the uniformity of transmission coeciency by scanning the total window area with 1 2 1 [ m m 2 ] beam. Figure 6 shows the eciency map in 9 2 9 [mm 2 ] at Cu-K (8.04 keV). We can see the eciency decrease as beam position shifts outward. This tendency probably reects the variation of curvature of capillary tube, namely, the number of reections in a capillary tube increases for outer tubes than inner ones. Here we dene the ux amplication of capillary as the ratio of ux transmitted from capillary to ux illuminating the entrance window. Since focused image size is 0.4 [mm] (FWHM) and the size of window i s 9 2 9 [ m m 2 ], ux amplication is evaluated to be 155 and 110 at Cu-K and Ti-K , respectively. Table 1 also shows the energy dependence of transmission coecient. To i n vestigate this dependence in more detail, we used the CZT as a focal plane detector to obtain the energy spectrum from 2 keV to 13 keV with continuum X-ray emission (bremsstrahlung). Figure 7 shows the energy dependence of transmission coecient. We expect that the transmission of low energy photons is higher than that of high energy photons, because the reectivity is decreasing when incident photon energy is higher. However the transmission coecient i s decreasing as incident photon energy is lower. This tendency is not explained even we t a k e account of the absorption eect of 76 [m] (entrance + exit) Be window (see gure 7). This inconsistency is discussed in section 4. . Figure 8 shows the measured results. The angular response in two directions is very similar to each other and is symmetry around the optical axis. The diameter of the eld of view is 19', 22' for Cu-K and Ti-K , respectively. Capillary has no imaging capability, in other words, the light-concentrating direction is independent from the incident angle of x-ray beam. Figure 9 shows the distribution of the light- In order to investigate the energy dependence of eld of view, we performed same measurement with CZT detector with the continuum X-ray beam. Figure 10 shows the relationship between incident photon energy and the eld of view. It is clearly seen that the eld of view increases gradually toward low energy range, though below 7 keV the eld of view is nearly constant or attened.
DISCUSSION
As described in section 3.2, transmission coecient is signicantly reduced toward low energy range. It is dicult to explain this tendency by the absorption eect of Be foil which covers the entrance and exit windows of capillary. Therefore we consider other absorption eects. Since capillary tubes are made from SiO 2 , t h e absorption edge must appear at 1.8 [keV] . By considering the ideal case of capillary, w e e v aluated the mean grazing incident angle for tube to be 0.05 [deg] . Figure 11 shows our best t model (grazing angle is 0.05
[deg], number of reection is 55 times and the eective lens open area is 35 %). The data is well represented by this model, though the number of reection is much larger than we expect based on the geometry of capillary. If the 55 times reection occur, the path length of X-ray beam is much longer than the actual capillary length. This prompts the consideration of more complex conguration (e.g. waviness and roughness of inner wall of tubes) of capillary. N o w w e try to apply the ray-tracing program, which is basically designed to simulate the response of X-ray telescopes (e.g. Astro-E2).
SUMMARY
We carried out X-ray measurements of capillary at the X-ray beam facility of Institute of Space and Astronautical Science (Japan) where the suciently parallel X-ray beam is available.
